−δ or LSCF), a mixed ionic-electronic conductor is widely used as an electrode in solid oxide cells (SOCs). The reactions and transport at this oxygen electrode are complex and distributed across several length and time scales. However, a comprehensive computational model that could provide accurate and reliable linkages between different scales to predict the electrochemical characteristics of these electrodes is missing. Here, we develop a multiscale model combining density functional theory calculations, transition state theory and continuum modeling for the oxygen-based reactions at the cathode/anode in LSCF based solid oxide fuel cells (SOFC)/electrolysis cells (SOEC), to elucidate the critical reaction steps and predict the performance of the device. Density functional theory calculations were used to obtain the free energy barriers for different reaction steps while transition state theory was used to predict the reaction rate constants/diffusivities for each step based on the free energy barriers. The continuum theory utilized these reaction rate constants and diffusivities to obtain the overpotential-current density relations. The proposed multiscale model yields a quantitative agreement with the overpotential-current density data from experiments. The results indicate that oxygen exchange at the LSCF surface, rather than the triple-phase boundary, is the main contributing reaction pathway for a single phase LSCF electrode. For the entire cathodic and anodic reaction pathway, the reaction step involving the splitting of the surface peroxo units into oxo units under SOFC mode or the combination of surface oxo units into peroxo units under SOEC mode is the rate-limiting reaction step, and the diffusion of oxide ions in bulk LSCF is the rate-limiting diffusion step. We also predict that the SrO terminated LSCF surface is not an efficient surface structure for oxide ion diffusion. Hydrogen is a clean and sustainable fuel compared to fossil fuels such as coal and petroleum, as it does not produce harmful gases and could be generated through water electrolysis.
Hydrogen is a clean and sustainable fuel compared to fossil fuels such as coal and petroleum, as it does not produce harmful gases and could be generated through water electrolysis. 1 Developing efficient and environment-friendly processes to utilize as well as to generate hydrogen is of great interest owing to its renewability. Solid oxide cells (SOCs) are high-efficiency energy conversion devices for generation of electricity or production of hydrogen at high temperatures. 2 They can work in a fuel cell mode (SOFC) to transform hydrogen and oxygen to steam and produce electricity, [3] [4] [5] or in electrolysis cell mode (SOEC) to consume electricity and produce hydrogen from water. 1, 6, 7 SOCs have attracted wide attention, and a lot of research has been dedicated to this field in recent times.
Typical solid oxide cells have three components, one dense electrolyte, and two porous electrodes. Stable oxide ion conductors, such as Yttria-Stabilized Zirconia (YSZ) and Strontium Magnesium doped Lanthanum Gallate (LSGM), are generally used as electrolytes 5, [7] [8] [9] due to their high ionic conductivity. Transition metals, such as Pt and Ni, are widely used as the hydrogen electrodes. Mixed Ionic Electronic Conductors (MIEC) such as La 1-x Sr x Co y Fe 1-y O 3-δ (LSCF) 5, 10 are typically used as the oxygen electrodes due to their high catalytic activity. To build an efficient SOC, the electrical resistance of the entire cell should be small. Usually, the oxygen electrode polarization resistance is high and is a primary impediment to high cell efficiency. 5, 11, 12 The reactions at the oxygen electrode in Kroger-Vink notation are 0.5O 2 + 2e → O O in SOFC and O O → 0.5O 2 + 2e in SOEC mode. The high polarization resistance in the oxygen electrode is due to the slow reaction rates of these cathodic/anodic reactions. To lower the resistance, MIECs are used as oxygen electrodes, as oxygen release or incorporation can be extended to the entire electrode surface rather than only near the triple-phase boundaries (TPB). LSCF, a typical MIEC material, is a p-type semiconductor with electronic and ionic conductivity. 13 It is widely used as an oxygen electrode because of its high stability, good catalytic ability for oxygen reactions and high oxide ion conductivity. [14] [15] [16] Understanding the reaction mechanisms at the LSCF based oxygen electrode is essential for designing energy efficient SOCs.
Many computational and experimental studies have been conducted in the past to investigate the reaction mechanisms in LSCF based electrodes. Electrochemical characteristic curves and overall z E-mail: aluru@illinois.edu reaction rates have been obtained through experiments, [17] [18] [19] but computational studies are necessary to gain detailed insights into the reaction pathways involved. First principle calculations, including density functional theory (DFT) and ab initio molecular dynamics (AIMD), can provide detailed insights into the chemical reactions occurring at the electrode during operation. 16, [20] [21] [22] [23] [24] However, the high computational cost restricts the system to fewer than 200 atoms, which is inadequate to mimic transport across the entire length of the cell, requiring continuum scale methods. Much work has been done on understanding the reaction steps using continuum simulations. 13, 25, 26 In one of the initial efforts, Adler, Lane, and Steele developed a continuum model to explain the oxygen reduction mechanisms in MIEC. 25 They defined a parameter 'penetration depth', δ which was critical in determining whether oxygen exchange is confined to the TPB or extends to the surface area of the electrode. Later, to determine the ratelimiting reaction step for a MIEC electrode surface, Fleig evaluated the current-voltage relations with electron transfer and ion transfer as the rate-limiting steps. 27 In a more recent work, Yurkiv et al. developed a model to predict impedance spectra of a MIEC electrode which were consistent with experiments. 26 However, oxygen ion transport and change of ion/vacancy concentrations across the cathode were not considered which could affect the chemical capacitance. While these studies have provided critical insights into the reaction mechanisms and rate-limiting steps in LSCF electrodes, the fitted values for critical physical parameters, such as reaction rate constants and diffusivities, used in the continuum models lower their reliability. The details of the mechanisms in the reaction pathways are also missing. Therefore, it is essential to build an accurate model incorporating all the underlying electrochemical phenomena using realistic values for various physical parameters for all the sub-processes involved.
In this work, we develop a multiscale approach combining DFTbased quantum scale calculations, transition state theory, and continuum scale simulations to determine the key reaction steps in an LSCF-based electrode. First, DFT+U calculations are performed to calculate the energy barriers for each reaction step and the vibrational frequencies of atoms, to obtain the free energy landscape of the entire reaction pathway. These results are used in the transition state theory to get the reaction rate constants and diffusivities. The calculated parameters are subsequently used in the continuum scale to calculate the current density-overpotential curves which are compared with experimental data. We also investigate the sensitivity of the current density-overpotential curves to reaction rate parameters . The blue grains are the LSCF phase, the white spaces between them are the gas phase, and the gray rectangle is the dense electrolyte phase (GDC). Oxygen molecules can transport into the electrolyte through the bulk LSCF phase, which is shown in the left part of the figure denoted by path A, or through the TPB, which is shown in the right part of the figure denoted by path B. The reactive pathways under SOEC mode are the reverse process of that for SOFC.
to determine the key reaction steps. Such a multiscale framework is unique and provides for the critical linkages between the physics at different length scales and can easily be extended to other material systems minimizing the need for rigorous experiments.
Methods and Computational Details
Model structure, reaction steps, and multiscale framework.-The model system used in the current work is shown in Fig. 1 . It consists of a porous, 23 μm thick La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3-δ (LSCF) electrode and a dense Gadolinium-doped Ceria (GDC) electrolyte. The upper boundary of the electrode is exposed to the pure oxygen gas under 1 atm pressure and the lower boundary interfaces with the electrolyte. All the reactions are considered at an operating temperature of 1073 K, as used in validation experiments. 13 The electrochemical processes (reactions and transport) considered in the present study, for LSCF-based SOFC are shown in Fig. 1 . The SOEC mode reactions are the reverse of those shown for the SOFC mode. The entire oxygen reduction process can be sub-divided into five transport steps (T1 to T5) and six reaction steps (R1 to R6). Details on these steps are presented in Section S1 of the Supporting Information. It should be noted that oxygen can transport into the electrolyte through both LSCF/GDC interface and the triple-phase boundary as denoted by paths A and B, respectively, in Fig. 1 . The contribution to overall current from the two pathways is discussed later.
The overall multiscale framework connecting the physics at atomistic (DFT+U calculations), meso (Transition state theory) and continuum (Continuum modeling) scales, is presented in Fig. 2 and is discussed in more detail in the following sections.
DFT+U calculations.-Vienna Ab initio simulation package (VASP), [28] [29] [30] version 5.3.5 was used to perform all spin-polarized DFT+U calculations with periodic boundary conditions. [31] [32] [33] Generalized gradient approximation (GGA) exchange-correlation functional of Perdew-Burke-Ernzerhof (PBE) 34 was used, and the conjugategradient method was utilized to optimize the ionic positions until the Hellmann-Feynman forces on each ion were less than 0.04 eV/Å. The energy convergence criterion was 10 −5 eV. The plane wave basis set cutoff energy was set to be 500 eV. The projector augmented wave (PAW) method was used to calculate the interactions between valence electrons and nuclei plus core electrons. 35 were used. The rotationally invariant formulation was used for the U terms to describe the electron-electron interactions in the 3d orbitals of Fe, Co atoms and 4f orbitals of Ce, Gd atoms. 32 In this formulation, only the differences (U eff ) between the Coulomb (U) and exchange (J) values were the inputs of the calculations. The U eff value for Fe, Co was chosen to be 4.0 eV, [37] [38] [39] and for Ce, Gd was chosen to be 5.0 eV, 40 which were recommended in the literature. The migration energy barriers and the transition state positions were calculated using the climbing image nudged elastic band method (CI-NEB). 41 Bader charge analysis was performed to estimate the atomic charges. 42 We used a 4 × 4 × 4 Monkhorst-Pack 43 k-point mesh for bulk systems and a 4 × 4 × 1 Monkhorst-Pack k-point mesh for free surface and interface systems. La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3-δ is the stoichiometry of the electrode material used in experiments. 13 To minimize the differences between the simulation structure and experimental stoichiometry, we focused on a similar structure La 0.625 Sr 0.375 Co 0.25 Fe 0.75 O 3-δ . Such approximate structures have also been used in previous DFT studies on LSCF, 16, 39 with physical and electrochemical properties matching experiments. The relaxed LSCF bulk structure used in the calculations is the supercell with 2 lattice parameters are a = b = c = 3.843Å and α = β = γ = 90
• , same as those in Reference 16. To confirm that the bulk LSCF structure is consistent with the normal ABO 3 structure for perovskites (A = La, Sr, B = Co, Fe) and suitable for subsequent calculations, we calculated the vacancy formation energy in the structure using: [1] where E f,vac is the vacancy formation energy, E de f ect is the total energy of the bulk LSCF with one oxygen vacancy, E host is the total energy of the perfect bulk LSCF, and E O 2 is the energy of an oxygen molecule. 39 The oxygen vacancy formation energies are calculated for different positions in bulk LSCF and are found to be within the range of [0.95,1.44] eV, consistent with previous experimental results. [44] [45] [46] [47] [48] The LSCF free surface structure used in the calculations is shown in Figs. 3c-3d. An A-site terminated free surface rather than a B-site terminated free surface was chosen as it was experimentally observed through low energy ion scattering spectroscopy by Druce et al. 49 for LSCF although the B-site surfaces are catalytically more active. A (100) oriented 6-layer slab, was used here, as it is the stable surface in most perovskites. 16 A vacuum slab larger than 15 Å was used above the surface to minimize the interactions between the surface and its periodic images. The bottom layer atoms were fixed at the bulk position, while the rest of the atoms were fully relaxed. The first, third and fifth layers are the AO layers, and the second, fourth and sixth layers are the BO 2 layers. Oxygen reactions at the LSCF electrode involve interaction with two vacancies which are also needed in the LSCF structure to maintain charge neutrality. Two different configurations have been considered, one with both the vacancies in the top SrO layer, and other with one vacancy in the SrO layer while the second in the lower Fe/CoO layer. The energetics for the two cases is also compared.
The LSCF/GDC interface structure used in the calculations is shown in Figs. 3e-3f. Here we used a (100) oriented 5-layer slab for LSCF phase, and a (100) oriented 3-layer slab for GDC phase. An approximate composition of Ce 0.95 Gd 0.05 O 1.95 has been used. For the size of the GDC layer chosen, the structure contains 1 Gd atom. A different configuration involving 2 Gd atoms with the Gd near the interface has also been considered. As LSCF and GDC have similar crystal structures and lattice parameters, the GDC structure is also chosen to be (100) oriented which can form a stable interface with (100) oriented LSCF. Discussion about other interface structures is presented in Section S2 of the Supporting Information. The lattice parameters for the interface structure are a = b = c = 3.834Å, which are the mean lattice lengths for LSCF and GDC, and α = β = γ = 90
• . As before, a vacuum slab larger than 15 Å was used. The bottom layer atoms were fixed at the bulk positions, the upper layer atoms were fixed at the bulk position along directions perpendicular to the slab, while the structure was fully relaxed. Due to the Sr segregation phenomenon at the interface which is commonly observed in the experiments, 50-52 the fifth atom layer, which is the interfacial layer between the two materials (shown in Fig. 3e ), is chosen to be SrO layer.
Transition state theory.-Accurate parameter values for reaction rate constants and diffusivities are needed to perform continuum calculations. Some of them are already available in the existing literature, for example, diffusivities of O 2 in the gas phase and O O in bulk LSCF, 13, 53, 54 while other parameters had to be calculated using transition state theory. The equations relating reaction rate constants and diffusivities to free energy barriers obtained from DFT+U calculations are as follows.
where k denotes the reaction rate constant, D denotes the diffusivity, k B denotes the Boltzmann constant, T denotes the temperature, C denotes the concentration of different species, h denotes the Planck's constant, and G denotes the Gibbs free energy. The free energy barriers are a function of temperature and concentration of species. Assuming that the influence of temperature and concentration on barriers are independent of each other, we have
A discussion on the expressions for G(C) is provided in the Results and Discussion Section. The expressions for G(T ) are available in the literature [55] [56] [57] [58] and, additional details are presented in Section S3 of the Supporting Information.
Continuum model.-The entire oxygen reduction process has been subdivided into five transport steps and six reaction steps, as stated earlier. The continuum model used in the current work is a species transport model in 1D where the transient flux of a species is dependent on concentration gradients and electrical potential gradients (for charged species) taking care of source/sink for species through the surface/interface reactions.
The governing transport equation is as follows: 
where C i , D i , s i , n i denotes the concentration, diffusivity, the source/sink term, and the ionic charge for the chemical species i, respectively. ϕ denotes the electric potential, φ l , τ l denote the porosity and the tortuosity in phase l, F a denotes the Faraday's constant, T denotes the temperature, and R denotes the ideal gas constant. The expressions for the electric field, − d dz ϕ are given in Section S4 of the Supporting Information. The expression for s i is as follows:
where r j is the reaction rate, v j,i , k + j and k − j are the stoichiometric factor of species i in reaction j, the forward and backward rate constants in reaction j, respectively, S R and S P are the number of reactants and products, and N i is the number of reactions related to species i. Details about the expression of s i for each species are in Table I .
The expression for current density is given by,
where r R5 is the reaction rate of R5, which is across the LSCF/GDC interface, and r R6 is the reaction rate of R6, across the TPB. The overall continuum model procedure is described in the flowchart in Fig. 4 . The coupled equations are numerically solved using the finite volume method in OpenFOAM (Open Field Operation and Manipulation).
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Results and Discussion DFT+U calculation results.-The DFT+U calculations were performed for predicting the free energy profile for LSCF surface reactions, the free energy profile for LSCF/GDC interface reactions, and the free energy barrier for LSCF surface oxide ion diffusion. The detailed energy barrier values are presented in Table S6 -1 and Table S6-2 in Section S6 of the Supporting Information. The optimized structures and additional details on these calculations are shown in Section S7 of the Supporting Information. Fig. 5a shows the free energy profile for the LSCF surface reaction of oxygen reduction, is on the top SrO surface and 0.565 eV higher if the vacancy is in the lower Fe/CoO layer making the later configuration energetically more favorable. Also, the energy barrier for O 2 O split is 0.814 eV, and the barrier for combination of two O O is 2.343 eV for the vacancy in the top layer case which is more than 0.799 eV and 1.43 eV in the respective directions if the vacancy in the lower Fe/CoO layer case as seen in Figure 5a . These high barriers indicate that this process can be a rate-limiting step. R4 describes the process of O O transport to the bulk LSCF. From the calculations, it appears that the oxo species are less stable in the surface than in the bulk LSCF. This result is consistent with the literature, showing that surface vacancy segregation is an important phenomenon of LSCF. 60 It can be concluded that the largest barrier for the LSCF surface reactions comes from step R3, which contains the oxygen-oxygen bond breaking in SOFC mode or bond forming in SOEC mode. Besides, the V x O containing structure is a high energy configuration which also slows down the overall reaction rates. To understand the oxygen adsorption and splitting better, the total density of states (TDOS) and partial density of states (PDOS) of the O(p), Fe(d) and Co(d) are shown in Fig. 6 . Oxygen adsorption introduces an acceptor type level close to the Fermi level as seen in Fig. 6b when compared to the TDOS for perfect LSCF crystal (Fig. 6a) . This structure then acquires 2e to form the peroxo species. As seen in the DOS plots, the interaction between the O(p) and F) . Two different configurations for GDC with one Gd atom away from the interface and the other with 2 Gd atoms near the interface have been considered. This reaction contains 6 substeps involving oxide ion migration from bulk LSCF to the interfacial layer, migration within the interfacial layer and the migration from interfacial layer to the bulk electrolyte. Details on these substeps and the definitions of layer indexes are discussed in Section S7 of the Supporting Information. The free energy profile shown in Fig. 5b suggests Layer 5 (as shown in Fig. 3) , which is the interfacial layer between SrO (LSCF) and CeO 2 (GDC) layers, is the most stable layer for accommodating oxygen vacancies if the Gd atom is away from the interface. The energy required for oxygen diffusion into the subsurface of GDC close to a Gd atom at the interface is 3.03 eV whereas it readily enters the sub-surface if the Gd is away from the surface. The energy for diffusion out of GDC to LSCF is also extremely high (9.48 eV) if the Gd atoms are near the interface. For these reasons, Gd atom away from the interface has been chosen for the transport of oxygen across the LSCF/GDC interface. Based on this configuration, the calculations show that the largest barriers come from the migration from layer 4 to layer 5 (0.7 eV) as well as from layer 5 to layer 6 (1.36 eV). Besides, it can be seen from Table S7-1 that the energy barriers to transport at the LSCF/GDC interface are much smaller than those at the LSCF surface. Fig. 5c 
Influence of concentration variation on free energy barriers.-
The concentration of various species including ions and vacancies affect the energy barrier for various reactions directly as well as indirectly. The direct influence is due to the interaction between lattice ions and defects while the indirect influence is due to electrostatic interactions caused by accumulated charged species. Unlike, G(T ), whose values are presented in Table S6 -1, expressions for G(C) are difficult to obtain theoretically. Therefore, we derived the G(C) term for specific reaction steps based on the experimental observations available in the literature. 26, 27, 46, 54 From Reference 46, the vacancy formation energy of LSCF is related to the oxygen vacancy concentration as:
where, G f,vac is the vacancy formation free energy, G per f f,vac is the vacancy formation free energy with no vacancies in the lattice, and a represents the deviation from the ideal structure. The interactions among defects and lattice ions account for the additional change in free energy. 61, 62 The experimental values for a are presented in Table S7 -4. Equation 8 implies that the presence of vacancies in the system makes the formation of further vacancies difficult. As C V O in bulk LSCF increases, the vacancies become less stable. Calculations suggest vacancies affect the stability of O O which directly affects their transport and can be explained based on Bader charge analysis. It is observed that after one vacancy is introduced into the bulk LSCF, the average Bader charge of O O changes from 1.231 e to 1.264 e, and the average Bader charge of other cations increases slightly decreasing the covalency and stretching bond lengths. This implies that vacancy introduction increases the electrostatic forces between cations and O O and results in an increase of the energy barriers for migration.
The steps that are affected by the concentration of O O are the reaction step R3 (accounts for the splitting of peroxo species into surface oxo species or combination of surface oxo species into a peroxo species), R4 (accounts for the oxide ion migration between LSCF surface and bulk LSCF), R5 (accounts for the oxide ion transport across the LSCF/GDC interface) and the bulk diffusivity of O O in LSCF. Details on the influence of vacancy concentration on reaction rate constants and diffusivities are presented in Section S8 of the Supporting Information.
Also, as noted in References 26,27, the energy barriers are also indirectly affected by the electrostatic potential difference between the adsorbed oxygen layer and the LSCF surface layer, denoted by χ, that exists at the LSCF/gas interface, as shown in Fig. 7 . χ varies with overpotential. In the SOEC mode, the LSCF surface gets enriched by O O , and the negative charge due to O O enrichment induces an increase of χ. In the SOFC mode, the positive charge due to the O O depletion induces the decrease of χ. The expressions for G k [9] where e is the charge of an electron, α is the charge transfer coefficient and χ eqi is the electrostatic potential at equilibrium. As shown in Fig. 7d, d 1 and d 2 are the distances, the atoms move from initial to transition and transition to final positions respectively, which determine the charge transfer coefficient, α =
. The expression for χ is: [10] where Ca p su f is the capacitance for surface LSCF, d is the vertical distance between the uppermost oxygen and the surface layer and is shown in Fig. 7c , and ε is the permittivity. Here we assume that the surface permittivity value ε su f is the average of the air permittivity ε air and the permittivity of LSCF/electrolyte interface ε L SC F . 63, 64 This approximation is consistent with those used in Reference 65. The value for ε L SC F is listed in Table S6-4. The electrostatic potential difference, χ is positive in the SOEC mode and negative in SOFC mode because of C O − at the LSCF surface which is higher and lower than equilibrium in the respective modes. A positive change in χ helps to lower the reaction barriers in respective directions in each of the modes. As shown in Fig. 7a , in the SOEC mode (O O transfers from the electrolyte into LSCF), C O − at the LSCF surface is higher than in equilibrium, and the energy barrier for k
becomes smaller according to Equation 9 , which makes the reaction faster. In the SOFC mode, C O − is lower than in equilibrium, and the energy barrier for k + R3 becomes smaller again.
Continuum model results.-The predicted current densityoverpotential plot compared to the experimental data is shown in Fig. 8a . A reasonable match is found between the two datasets. The contribution to oxygen exchange through the reaction path across the TPB is neglected in the simulation. Although the current density under SOEC mode is comparable to that under SOFC mode with the same overpotential magnitudes, the governing mechanisms are different. A direct relationship between the concentration of vacancies, C V O and diffusivity of oxide ions, D O 2− is seen here. It can be seen from Figs. 8b-8d that the diffusivity of oxide ions in SOEC mode is much higher than that in SOFC mode., and the concentration of oxygen ion vacancies, in SOEC mode is much lower than that in SOFC mode, which is consistent with the literature. 17, 66 This may be because oxygen moves from the electrolyte to the electrode in the SOEC mode annihilating vacancies in the electrode, A sensitivity analysis was performed to analyze the importance of each parameter. The sensitivity of the current density S e to other parameters is given by:
where P a is the parameter of interest. As shown in Table II , the current density is sensitive to the reaction rate constants for R3, k
, and the oxide ion diffusivity D O 2− . Therefore, it can be concluded that reaction step R3, describing the oxygen-oxygen bond breaking and forming step in SOFC/SOEC, is the critical reaction step, and O O diffusion in bulk LSCF is the critical diffusion step for the system and improving k 
We have
[13]
where I T P B is the current density across the triple-phase boundary, and its value is much smaller than the experimental current density. Therefore, this reaction path is neglected in this work. are far away from the TPB, it is difficult to transport them to the TPB. Therefore, only the O 2 molecules near the TPB can be incorporated into the electrolyte through path B, and this makes this reaction path less likely. On the contrary, the porous electrode provides sufficient surface area for adsorption of oxygen onto the surface and subsequent reactions for oxide ions which can easily transport to the LSCF/GDC interface and into the GDC electrolyte via reaction path A. This makes the reaction rate from path A dominate path B and I int much larger than I T P B . Secondly, as shown in Fig. 1 , TPB, that can assist in oxygen exchange, only exists at the bottom of the electrode, and the small TPB surface area contributes to the low I T P B . This TPB area can be greatly enhanced for other electrode structures, such as LSCF-CGO composite electrode, 13 where I T P B can be higher. The experimentally observed SrO terminated LSCF surface is not an efficient surface structure for oxidation and evolution reactions. On the one hand, C O 2− 2 and C O 2− diffuse very slowly on SrO terminated surface making I T P B very small. On the other hand, the high energy barrier for reaction step R3 on SrO terminated surface from DFT+U calculations results in the slow reaction rate, indicating that SrO terminated surface is not a good catalyst for O 2 O splitting or combination of two O O . This phenomenon has also been reported in a recently published experimental work.
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Conclusions
We have developed a multiscale model combining DFT+U calculations, transition state theory and continuum modeling for the electrochemical processes in LSCF based solid oxide fuel and electrolysis cells. The reactions and overall transport of species at the LSCF based electrode was subdivided into several smaller sub-processes (reaction and transport steps). DFT+U calculations were used to obtain the energy barriers for different reaction and transport steps. Transition state theory was then used to predict the reaction rate constants and diffusivities for each step based on the free energy barriers. Continuum modeling utilized the reaction rate constants, diffusivities, and LSCF microstructure parameters to predict the overpotential-current density plots which were found to be consistent with experimental data. This novel multiscale multi-physics framework making use of data at the atomistic scale to predict electrochemical characteristics in the continuum scale is unique and can easily be applied to other newer oxide systems.
The oxygen exchange at the TPB was found to be negligible as compared to that at the LSCF/GDC interface. Through detailed sensitivity analysis, the chemical reaction involving the splitting of peroxo into oxo species in the SOFC mode/combining of surface oxo into peroxo species in the SOEC mode is found to be the critical and ratelimiting reaction steps. Oxygen vacancies are difficult to transport around Gd atoms at the LSCF/GDC interface and is easier when the Gd atoms are away from the interface. Diffusion of the oxide ion in bulk LSCF is found to be the slowest diffusion step. The direct and indirect influences of concentrations of various species on the reaction barriers were analyzed. It was found that while the vacancy concentrations increase in the SOFC mode leading to reduced diffusivities of oxide ions, the trends are reversed in SOEC mode. SrO terminated LSCF surface is found to be not efficient for oxygen reduction and evolution electrode reactions in SOCs.
